ABSTRACT
Introduction
As the first galaxies form, they ionize the local medium they are embedded in, letting radiation free to propagate (e.g. Dayal & Ferrara 2018) . There is a building consensus that the end of the Hydrogen reionization epoch is at a redshift z∼6, stemming from several lines of evidence. The optical depth of HI reionization is encoded in the standard ΛCDM cosmological world model, and it can be extracted from observations of the cosmic microwave background (CMB), giving access to the start, mid-point and end of the reionization process (Hinshaw et al. 2013) . From the WMAP CMB observations, it was inferred that the reionization would have been ∼50% completed at z∼10.5 (Spergel et al. 2003) . This would require a presence of a substantial ionizing background at quite early times, which should have materialized from star-forming galaxies at very early epochs. Early attempts to reconcile WMAP measurements with UV background estimates found it hard to identify enough galaxies capable to produce the required number of UV photons at early times (Robertson et al. 2013) . Several hypotheses were proposed in order to solve this discrepancy, among them invoking a substantial population of growing supermassive black holes and numerous faint galaxies, escaping detection (Ciardi et al. 2003; Volonteri & Gnedin 2009 ).
The more recent findings on the epoch of HI reionization from the Planck experiment revisited the issue from the CMB point of view, and significantly reduced the optical depth of reionization, which lowers the requirements on the number of ionizing photons and hence on the number of galaxies at high redshifts. Comparing the optical depth of reionization from Planck and from deep surveys, Robertson et al. (2015) and Article number, page 1 of 27 arXiv:1903.01884v1 [astro-ph.GA] 5 Mar 2019 Bouwens et al. (2015a) claim that galaxies produce enough ionizing photons, provided that there are enough faint galaxies populating the faint-end slope of the UV luminosity function. The latest results from the Planck experiment favor an even smaller reionization optical depth. The redshifts of the start, 50%, and end of reionization, derived from the CMB Planck maps with 95% CL, are now z = 10.4 ± 1.8, 8.5 ± 0.9, < 8.9 , respectively (Planck Collaboration et al. 2016) . These results further consolidate the picture of reionization that happened late and fast, and reionization being driven by photons from massive stars in low mass galaxies as outlined in the 2018 Planck satellite results (Planck Collaboration et al. 2018) .
However, matching the CMB results with galaxy counts remains a considerable challenge. Deep galaxy surveys are constantly pushing the search for galaxies capable to produce the needed ionizing photons, to higher redshifts and fainter luminosities (e.g. Le Fèvre et al. 2005; Scoville et al. 2007; Stark et al. 2009; Grogin et al. 2011; Pentericci et al. 2011; Le Fèvre et al. 2013; Ellis et al. 2013; Bowler et al. 2015; Le Fèvre et al. 2015; Bouwens et al. 2015a ). The challenge is to characterize the luminosity function of these first galaxies with enough accuracy that the total number of ionizing photons can be accurately estimated. The census of high redshift galaxies is continuously improving, first and foremost on the basis of deep imaging with the Hubble Space Telescope (HST) and selected ground-based facilities. Faint multi-band photometry reaching magnitudes AB∼30 significantly increased the number of galaxy candidates with z>6 and up to z∼10, from the HST CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) , COSMOS (Scoville et al. 2007 ), Frontier Fields (Finkelstein et al. 2015; Lotz et al. 2017 ) and UltraVista surveys . The additional boost from gravitational lensing allows to further constrain the faintend slope of the luminosity function, reaching M UV ∼ −13 (Livermore et al. 2017; Bouwens et al. 2017; Ishigaki et al. 2018; Yue et al. 2018) . These surveys form the basis of our understanding of the UV rest-frame luminosity function and the derived Star Formation Rate Density (SFRD, Madau & Dickinson 2014) , at these redshifts. However, these observations remain difficult, and improving the faint galaxy census at z>5 from high purity and completeness counts of galaxies with confirmed redshifts therefore remains of the utmost importance, particularly to set robust constraints on the SFRD history.
In this paper we focus on providing robust counts of galaxies covering a redshift range from z∼5 to z∼6.6, a time close to, or including, the end of reionization. This corresponds to a cosmic time period from 0.8 to 1.15 Gyr after the Big Bang. We base our counts on a sample of galaxies with a reliable spectroscopic redshift identification obtained from the VIMOS UltraDeep Survey (VUDS, Le Fèvre et al. 2015) , at variance from most previous studies based on photometric redshift identification (McLure et al. 2009; Bouwens et al. 2015b; Bowler et al. 2015) or spectroscopy with narrower selection criteria (Ouchi et al. 2008; Cassata et al. 2011; Santos et al. 2016; Drake et al. 2017) . We identify and characterize star-forming galaxies, focusing on several key quantities, including the UV rest-frame luminosity, the Lyα line luminosity, as well as stellar mass, star formation rates (SFR), and other parameters derived from spectral energy distribution (SED) fitting. We derive cosmic SFRDs from observed rest-frame UV luminosity functions as well as from Lyα luminosity functions.
The paper is organized as follows. In Sect. 2 we describe our methods to isolate a reliable sample of 52 galaxies with spectroscopic redshifts 5 < z < 6.6. We present the sample in Sect. 3, including the redshift distribution, average spectral properties, UV β-slopes, and the distribution of these galaxies in the SFR versus stellar mass diagram. Observed galaxy counts are used with UV and Lyα luminosities to derive luminosity functions in Sect. 4. We then derive SFRDs from the UV and Lyα luminosity functions, compare them and discuss their evolution with redshift in Sect. 5. The results are summarized in Sect. 6.
Throughout the paper we use ΛCDM cosmology with H 0 = 70 km/s/Mpc, Ω Λ = 0.70, Ω m = 0.30. All magnitudes are given in the AB system.
Data

Spectroscopic and photometric data
We use the spectroscopic sample of galaxies drawn from the VUDS, which is described in detail in Le Fèvre et al. (2015) . The wavelength coverage of the survey is from 3650 to 9350 Å and enables secure redshift measurements up to redshift z∼6.6, when the Lyman-α-1215Å line leaves the spectral window. The spectra allow to follow important spectral features to guarantee unambiguous spectroscopic redshifts accurate to ∼10 −3 (Le Fèvre et al. 2015) . Most of the spectra in the survey were observed with a low resolution grating (R = 230). Complementary to it, a number of objects were observed with a medium resolution of R = 580, observed in priority in the MOS masks for having z phot > 4.5.
The survey covers three different fields in VVDS02h, COS-MOS and ECDFS for a total area of 1 deg 2 , minimizing the effects of cosmic variance. A wide range of ancillary data is available for each field to produce a sample for which completeness and purity are well controlled, and to infer physical parameters, most importantly stellar masses and SFRs through SED fitting performed with the knowledge of the accurate redshift.
In the VVDS02h field we use photometry from the 7th data release of CFHT Legacy Survey (CFHTLS, Cuillandre et al. 2012) , which covers the u * , g , r , i , z optical bands. It is complemented by infrared data in J, H, K bands from WIRCam Deep Survey (WIRDS, Bielby et al. 2012 ) and in two IRAC bands (3.6 and 4.5 µm) from the Spitzer Extragalactic Representative Volume Survey (SERVS, Mauduit et al. 2012) .
The full range of photometric observations in the COSMOS field is presented on the COSMOS web site 1 . In this work, we use the optical data from CFHT for u * band and Subaru broad bands B, V, g+, r+, i+, z+, the near-infrared bands J and K from UltraVista and IRAC bands from the Spitzer Extended Deep Survey (SEDS, Ashby et al. 2013) .
In the ECDFS field we use, depending on availability, either the CANDELS set of photometry (Grogin et al. 2011; Koekemoer et al. 2011) , which includes observations in the optical and near-infrared HST bands, or the Taiwan ECDFS NearInfrared Survey data (TENIS) with observations J and K s bands (Hsieh et al. 2012) , complemented by the Galaxy Evolution from Morphology and SEDs survey (GEMS) in F606W and F850LP bands (Caldwell et al. 2008) .
The main target selection is based on photometric redshifts and is designed to go to the highest possible redshifts starting from z = 2. The galaxies were chosen to have z phot + 1σ ≥ 2.4, where z phot is either the first or the second peak in the photometric redshift probability distribution function (PDF). The limiting magnitude of the main survey target selection is i = 25. This primary sample was complemented by galaxies chosen with two widely used techniques. The first one is the Lyman-break or dropout technique, which is based on the search of a break in the continuum corresponding to the changing spectral shape of a galaxy continuum between the Lyman limit at 912Å and Lyα, classically followed in color-color diagrams (Steidel et al. 1996) . The second technique is based on the search of Lyα line emission in narrow bands. The galaxies from both these selections may have i > 25. The galaxies chosen with the dropout technique have limiting magnitude K AB ≤ 24, and are added to the target sample only if they are not already selected in the primary sample. In our high redshift sample we have about 10% of the sample chosen by these criteria.
In addition to this main sample, in the process of examining all 2D spectra visually, the VUDS team discovered a number of single emission lines, belonging to objects falling by chance in the slits, but for which no counterparts could be identified on any of the available images. These were analyzed following a method similar to that of Cassata et al. (2011) to assess the nature of the line. In this way, we identified a number of serendipitous Lyα emitters (LAE) with a UV continuum flux too faint to be detected in broad photometric bands.
The combination of these different samples with complementary selection functions results in a well-defined sample identified at z > 5, covering a broad range of properties. The selection of each sub-sample needs to be fully taken into account in determining luminosity functions, because the galaxies chosen by different techniques are drawn from different parent populations, as discussed in Sect. 4.
Spectroscopic redshifts were measured using the EZ tool (Garilli et al. 2010) . The redshift reliability flags adopted are described in Le Fèvre et al. (2015) and correspond to the following probabilities to be correct: flag 1: 50-75%; flag 2: 75-85%; flag 3: 95-100%; flag 9: ∼ 80%. Spectroscopic redshift measurements using the observed spectral range 3650 − 9350Å are challenging at z > 5 due to not only low continuum fluxes but also to the variable noise added by the Earth atmosphere for ground-based observations. Even with 14h integrations with VIMOS on the 8m ESO-VLT, a high fraction of galaxies still has insecure redshifts with reliability flags 1 at these redshifts. Another challenge is the possible confusion between the Lyα and the [OII] emission lines, due to the resolution of our spectra. We cannot resolve the [OII] doublet or an asymmetric structure of Lyα line on the spectra of individual objects at the observed spectral resolution. Therefore additional verification of the measured redshifts is needed. We scrutinize each of the z > 5 candidates following a clear reference protocol to further assess the reliability of their redshifts, and describe the procedure of cleaning the sample from low redshift interlopers in Sect. 2.2.
Multi-band deep imaging helps to further clean the z > 5 sample from low redshift interlopers. With direct image examination we identify cases in which spectra belongs to two close companions at different redshifts. We then attempt to disentangle true high redshift object from low redshift interloper, combining the spatial location of spectral features observed on the 2D spectrograms with the location of objects observed in images in different wavebands (e.g. indicating a possible continuum dropout signaling a Lyman break for one of the objects).
We also use the photometric measurements to perform SED fitting of each candidate, first without fixing the redshift. This SED fitting provides the PDF of redshifts and the best fit template at the photometric redshift, taken as the peak of the PDF. In order for the SED fitting to be helpful in distinguishing between true high redshift galaxies and low redshift interlopers as described in Sect. 2.2, we need to use a wide range of templates, suitable for both high and low redshift. We use LePhare (Arnouts et al. 2002; Ilbert et al. 2006) to fit the SED and Bruzual & Charlot (2003) models with Chabrier (2003) initial mass function, two star formation histories -due not only to exponentially declining and delayed and solar and sub-solar metallicities (Z=0.02 and Z=0.008). We consider two extinction laws: Calzetti et al. (2000) and SMC-like (Prevot et al. 1984 ) with E(B-V) in the range from 0.0 to 0.5. The best fit is determined by minimization of χ 2 . The SED fitting, using the spectroscopic redshift, delivers us the best estimate of physical parameters and the best fit template at the spectroscopic redshift. We define the uncertainty on physical parameters from the probability distribution of each parameters. For the FUV magnitudes we use photometric errors to get a robust estimate of uncertainties (see Sect 4.2). In Sect. 3 we extent up to z=6.6 the work of Tasca et al. (2015) , which was done up to z=5.5. When comparing different physical parameters and their evolution with redshift, we therefore use consistent methods.
Candidate selection
We start with selecting all galaxies from VUDS with spectroscopic redshifts in the range of our interest 5.0<z<6.6. We select 111 candidates with all reliability flags. Seven of these candidates have the most secure redshifts with flags 3 or 4. In most of the spectra the observed features are either one emission line, which was associated to Lyα in the redshift measurement process, or a continuum break, which was associated to the break at 1215Å produced by the strong intergalactic medium (IGM) extinction at these redshifts (e.g. Thomas et al. 2017 ). Up to redshift 5 we can usually distinguish between Lyα and [OII] emission lines, because Hβ and the [OIII]-4959/5007Å doublet would still observed in the VIMOS spectral window if a single line with λ < 7200Å was [OII]-3727Å rather than Lyα. At the higher redshifts considered in this paper, Hβ and [OIII] would be shifted beyond the observed wavelength range, and therefore the detection of a single emission line with λ > 7200Å should be interpreted with caution as discussed below. Another degeneracy in redshift measurement comes from the possibility to misinterpret a Balmer break at ∼4000Å in a spectrum as a Lyman break or dropout in the continuum due to neutral gas absorption along the line of sight. These degeneracies impose that each high redshift galaxy candidate has to be scrutinized to identify possible low redshift galaxies contaminating our sample. To solve this issue, we make use of all the spectroscopic and ancillary photometric and imaging data and inspect each galaxy individually, imposing the following criteria for a galaxy to be retained in the final 5.0 < z spec < 6.6 sample:
-No detection in photometric bands corresponding to wavelength below the Lyman limit at 912Å, as neutral gas in the galaxy itself should not let photons out;
-No detection or weak detection in photometric bands corresponding to wavelengths 912Å < λ < 1215.7Å, as neutral gas in the intervening IGM should absorb most of the photons emitted by the galaxy (depending on the line of sight; Thomas et al. 2017) ;
-At least one detection in a photometric band corresponding to the rest frame 1215.7Å (for LAE), or at wavelengths longer than 1215.7Å for galaxies without Lyα in emission, as some continuum photons should be detected;
-The difference between spectroscopic and photometric redshifts should be z spec − z phot ≤ 3σ, with σ being the halfwidth of the 68.3% confidence interval around the peak in the photometric redshift PDF, for at least one of the peaks in the photometric redshifts PDF;
-The best SED fit template with the redshift fixed at the spectroscopic redshift and based on photometric points is in agreement with the observed spectrum;
Galaxies with redshift reliability flags 1 and 9 will be affected the most by the degeneracies described above, as for flag 1 spectra are generally of low S/N on the faintest galaxies, and for flag 9 only a single feature was identified in the spectrum. To be retained in our final sample, we therefore require these galaxies to pass all the above criteria. The galaxies with reliability flags 2-4 have a higher probability to be correct and therefore we exclude them from the final sample only if they do not pass more than one of the above criteria.
This procedure is motivated by the fact that various effects can affect the photometry of the galaxy and the spectroscopy of each galaxy should remain the primary source of information. We pay special attention to the following cases:
-The PDF is very wide and therefore it is not possible to have a robust estimate of the photometric redshift. In this case, we trust the spectroscopic redshift (this is the case for 6 galaxies in the sample);
-The sky subtraction is less reliable in the presence of bright nearby objects. This can lead to a higher uncertainty on the measured photometric magnitudes for the faint objects and therefore the photometry can be misleading;
-The photometry indicates a foreground object along the line of sight, or a blend with a nearby object, or is affected by artifacts from the image processing;
-We find evidence that the observed object is an AGN (e.g. has a broad Lyα emission line) and therefore can be variable;
Together with the spectra (1D and 2D), photometry and SED of each galaxy, we analyze all images and look for the evidence of such effects. If the 2D spectrum and the images are consistent with the galaxy being at high redshift, but some evidence for contamination is found, we keep it in our sample, but we note that the photometry of this galaxy should be used with caution. Such an example is shown in Fig. A .1 where the high redshift object is close to a foreground object affecting both the photometry and spectrum.
In Table A .2 we present summary of the selection criteria for each galaxy. We find 6 galaxies, which have z spec − z phot > 3σ. 3 of them show signs of contamination by nearby objects and 2 have very narrow peaks in PDF, which are 3σ to 6σ away from the spectroscopic redshift but the best fit template to the photometric redshift cannot explain the observed spectrum. We, therefore, keep these galaxies with their spectroscopic redshift. We also keep two galaxies with faint detections below 912Å, since they have reliable spectroscopic redshifts and SED fitting clearly points to the same redshift, as spectroscopy, while the detections below 912Å are likely to be spurious.
The criteria above help us to efficiently get rid of low redshift interlopers as well as to analyze the reliability of the photometry, which we use later to derive FUV-fluxes and physical properties.
Other possible contaminants of our sample include late-type stars, like late M-types or brown dwarfs. When we measure redshifts with EZ we use a library of star and galaxy templates to fit the observed spectrum by chi-square minimization algorithm. If we only observe continuum in spectra without emission lines, we compare best fit with a star template with the best fit from galaxy templates and if no star template can reproduce the observed spectrum better than the galaxy template, we save the object in our sample, otherwise we conclude, that we observe a star.
During the inspection of spectra, we find one quasar with a broad Lyα line (FWHM ∼ 4300 km/s) at a redshift z=5.472. We use the luminosity function of McGreer et al. (2018) to estimate the probability of finding quasars in our sample. We integrate the luminosity function down to M FUV = −21.4 (the range of absolute magnitudes corresponding to completeness limits of the parent catalogue of our sample) and we multiply it with the cosmic volume of the survey. Assuming a Poisson distribution, we find the probability of finding more than one quasar to be less than 0.7%. Therefore in these range of absolute magnitudes we expect to have a clean sample of only star forming galaxies, after exclusion of this one quasar discovered in the sample. We cannot apply the above described criteria to the galaxies with a single emission line and without a photometric counterpart or with contaminated photometry. We therefore need a different way of investigating the reliability of their redshifts. One of the arguments in support of observing Lyα is the skewness of the emission line. The Lyα line has an asymmetric shape with a positive skewness, due to radiation transfer effects, while the unresolved [OII] doublet is usually symmetric with a skewness close to zero. Another effect at high redshift comes from the IGM and circumgalactic medium (CGM), which absorb the continuum below Lyα. Due to this effect the Lyα line becomes even more asymmetric.
These effects are difficult to observe on single low signal-tonoise spectra of individual objects at the observed spectral resolution, but the structure of the emission line can be estimated on stacked spectra. We show in Fig. 1 the stacked spectrum around Lyα of LAE from our sample. We clearly see that the continuum at wavelengths bluer than Lyα is completely absorbed by IGM and CGM and the shape of the line is asymmetric. The measured skewness of the line is SK=2.05, a value higher than reported by Cassata et al. (2011) SK=1.73 for redshifts 4.6 < z < 5.9, but consistent with expectations that at the higher redshifts of our sample, the IGM absorption would be higher. Cassata et al. (2011) also report a value SK=2.02 for 5.9 < z < 6.6 (measured from only 6 galaxies), comparable with our result within uncer-tainties. The fact that the stacked spectrum of our galaxies has a very strong skewness gives further confidence that our sample is free from the contamination of low redshift objects.
3. Final sample of 5.0<z<6.6 galaxies After the procedure described above we obtain a sample of 49 galaxies with secure spectroscopic redshifts, 8 of them observed with a medium resolution. In addition, we include 3 galaxies with low signal to noise ratio (SNR) of the emission line (SNR<5.0), which are likely to be at high redshift, but due to the lack of photometric data or spectroscopy at longer wavelength, we cannot confirm their redshift. Since these galaxies are faint both in the Lyα and in the FUV, they do not affect our estimations of the bright end of luminosity functions, and we keep them in our sample to maintain a high completeness. The redshift distribution of the sample is shown in Fig. 2 . The median redshift is z = 5.59. For 32 of them we derive physical properties and FUV magnitudes from ancillary photometric data (the wavelength coverage does not allow us to measure FUV flux from spectra).
In the subsections below we describe the average and individual properties of the galaxies in our sample.
Average spectral properties
The 1D spectra of the individual galaxies together with the best fit SED template and images can be found in the Appendix. We present the 2D spectra ordered by redshift in Fig. 3 .
We present median stacked spectra of galaxies in our sample, normalized on the continuum at 1400Å rest-frame in Fig. 4 for galaxies with Lyα in emission and Fig. 5 for Lyα in absorption. The continuum is detected in both cases, without significant emission below the Lyman limit at 912Å, an indication that our sample selection and subsequent screening for low redshift interlopers is efficient in keeping only objects at 5.0 ≤ z ≤ 6.6. The stack of emission line galaxies corresponds to galaxies with a median M FUV =-20.50, fainter than for the absorption stack with a median M FUV =-20.78 (for galaxies with unknown FUVmagnitude an upper limit of -19.0 was used). The most prominent line in both cases is Lyα, with EW 0 (Lyα) −100Å in the emission spectrum (negative values of EW correspond to emission lines, positive to absorption), and EW 0 (Lyα) 5Å in the absorption spectrum. There are only weak traces of absorption lines in the stack of Lyα emitting galaxies, while on the stack of spectra with Lyα absorption the brighter luminosities allow to identify in absorption the Lyman series Lyγ−972Å, Lyβ−1026Å, Lyα − 1215Å, as well as SiII−1260Å, OI−1303Å CII−1334Å and SiIV−1394Å. We defer the comparison of the spectral properties of star-forming galaxies at z ∼ 5.6 to the properties at lower redshifts to a future paper. Fig. 3 : 2D spectra of VUDS galaxies with 5.0 ≤ z ≤ 6.6, ordered by redshift. The spectral range covers from 6300 to 9350Å following the spectral region around Lyα. Lyα appears in emission or in absorption, depending on spectra. 3.2. Main sequence of star-forming galaxies at z ∼ 5.6
The distribution of galaxies in the SFR-stellar mass diagram is shown in Fig. 6 . Over the stellar mass range 9 < log M * /M < 10.5, SFR and stellar mass are tightly correlated, extending the existence of a 'main sequence' for star-forming galaxies to 5 < z < 6.6 (e.g. Elbaz et al. 2007; Whitaker et al. 2012 Whitaker et al. , 2014 Tasca et al. 2015; Santini et al. 2017; Pearson et al. 2018) . We fit the distribution with the a simple power law and find that log S FR(M yr
The relation is quite tight with a dispersion 0.13 dex around the mean, and all galaxies in our sample lie close to this main sequence, except for a few galaxies with photometry affected by the contamination of nearby objects.
Previous studies show that at higher masses the main sequence has a turn-over observed at z∼2, which however becomes less prominent at higher redshifts (e.g. Whitaker et al. 2014; Tasca et al. 2015; Santini et al. 2017; Pearson et al. 2018) . We show in Fig. 7 the median SFR of galaxies in different mass bins for redshift ranges from 0 to 6.6 from VUDS. The data for z<5.5 is taken from Tasca et al. (2015) and the data in the last redshift bin 5.5<z<6.6 is from this work. Since we use consistent methods to derive SFR and stellar mass, we are able to extend the previous results from VUDS to higher redshifts.
The turn-over in the MS relation is clearly observed at z<3.5 but it seems to disappear at higher redshifts. Essentially all our galaxies lay very close to the linear main sequence, suggesting that the majority of them are still star-forming and we do not observe a significant turn-over at high mass in the MS, as would be expected if star-formation in massive galaxies was starting to be quenched. However, we find that a few individual galaxies are slightly below the MS at masses log M * /M > 10.3. Hence, at the highest masses, quenching processes may just be starting to be at work at these redshifts.
As already shown in Tasca et al. (2015) , the normalization in SFR of the main sequence rapidly evolves up to z ∼ 2.5. At higher redshifts the normalization does not seem to evolve significantly (as shown on Fig. 7 ) and our data confirm that up to z∼ 6.6 the normalization stays roughly constant.
Specific star formation rate
We also extend the results of Tasca et al. (2015) on sSFR obtained with VUDS to the 5.0 < z < 6.6 redshift range. It was previously shown that the sSFR evolution flattens at redshifts higher than z∼2.4 (Tasca et al. 2015; Faisst et al. 2016) . We compute the median sSFR of our sample using a lower stellar mass limit of M * > 10 10 M . We find that log sS FR(Gyr −1 ) = −8.37 ± 0.08 and −8.46 ± 0.09 at 5.0 < z < 5.5 and 5.5 < z < 6.6 re- spectively. Our highest redshift bin is only slightly higher than log sS FR(Gyr −1 ) = −8.46 ± 0.06 found by Tasca et al. (2015) at 4.5 < z < 5.5. We conclude that the flattening of the sSFR continues in the redshift range up to z 6.6.
Our results are shown in Fig. 8 . Over the redshift range of our sample, they are in excellent agreement with the latest results from HST Frontier Fields (Santini et al. 2017) , with semianalytical models based on gas accretion via cold streams (Dekel et al. 2009 ) and with the Gadget-2 and Illustris numerical simulations (Davé et al. 2011; Sparre et al. 2015) .
These simulations, however, do not reproduce the observed sSFR evolution going from fast and steep at z < 2 to slow and almost flat at z > 2. Our results together with previous results from VUDS and other surveys therefore severely challenge our understanding of the processes driving the evolution of the sSFR through cosmic time.
UV-continuum slopes
Using SED fitting we derive the UV-continuum slopes β. We fit the region from 1490 Å to 2350 Å on the best fit template with a power law f λ ∼ λ β (e.g. Meurer et al. 1999 ). For galaxies with high SNR for UV continuum, we fit templates to spectra as well as photometry and find consistent results (see Fig. 10 ). In Fig. 9 we show the relation between the UV-continuum slope β and the rest frame FUV absolute magnitudes for galaxies with the most reliable photometry.
We see a tentative decrease in the biweight mean β with M FUV , similar to the results of Bouwens et al. (2014) . We also note, that most of the β measurements lay below the average values of Bouwens et al. (2014) at z=4 and z=5, which indicates, that the galaxies in our sample are on average less dusty than galaxies LBGs at z<5, although the results of Castellano et al. (2012) at z ∼ 4 have steeper slopes and are in a better agreement with our results. For M FUV > −22 we observe a steepening of the continuum slopes to fainter FUV magnitudes with a similar slope as in Bouwens et al. (2014) .
However, at brightest magnitudes we observe a large scatter and a possible change of this behavior with some galaxies having very steep β slopes. However, we also observe a galaxy with the reddest color and flat β slope in the same bin. This galaxy is shown in Fig. 10 and has a robust estimate of β = −0.56 ± 0.05 from the photometric fit and β = −0.67±0.23 from the fit to spectroscopy. This galaxy, therefore, is not an outlier. We conclude, that the scatter of β is large and the brightest galaxies in this redshift range seem to be diverse in their spectral slopes, which may indicate different dust properties. The properties of galaxies are correlated with their age: the oldest galaxies had enough time to build up dust and appear redder in their continuum, while younger, recently formed galaxies lack dust and appear bluer.
Age and formation redshift distribution
Another property, which can be inferred from the SED fitting, is the age of the dominant stellar population(s). The median age of Fig. 10 : Spectra of UV bright galaxies with flat and steep UVcontinuum slopes (id=528295041, 520180097 at z=5.487 and 5.1378, respectively). The rest frame spectra are plotted in grey and the best SED template in light green. The solid blue line shows our fit to the continuum on spectra.
galaxies in the sample is 0.35 Gyr and the redshift of formation varies from 5.5 for the youngest galaxies at z∼ 5 to 10.7 for the oldest galaxies at the highest redshifts. Over 90% of the galaxies in our sample have a redshift of formation z>6.0, and therefore might have contributed to the reionization of the Universe since they were born, if they had non-negligible Lyman continuum escape fractions.
Luminosity functions
1/V max method
We use the 1/V max method (Schmidt 1968) to determine luminosity functions of our sample. Each galaxy is weighted as
where TSR is the target sampling rate and SSR is the spectroscopic success rate.
The galaxies included in our sample are drawn from different selection criteria, therefore the TSR will depend on the selection criteria used. The TSR is also different for galaxies with z > 4, because galaxies at these redshifts were prioritized targets. The parent population of galaxies is known for magnitudes i < 25, a magnitude where the parent catalog is complete. At faint magnitudes we have to apply additional correction to the TSR based on the ratio of N cat /N exp , where N cat is the number of galaxies in the parent catalog and N exp is the expected number of galaxies at fainter magnitudes, if the catalogue were complete. We derive this number by extrapolation from the i magnitude distribution in the photometric catalog. These corrections are shown in 11. The underlying parent population of serendipitous galaxies is not known. We assume that all faint galaxies which fall on the slit area are observed, and we estimate the TSR as the ratio of the area covered by slits to the whole observed area, which is equal to ∼ 0.2%. A few galaxies with i > 25 from the parent catalog are also observed, if they fall into the slits. We treat them as serendipitous and use the same TSR.
To summarize, we evaluate the TSR for galaxies with z > 4 for the bright and faint subsamples corresponding to each selection criteria and we multiply the TSR of faint galaxies by additional corrections (see Fig. 11 ). All TSR used in this paper are shown in Table 1 .
The SSR should not depend on the selection criteria, but it depends on the i-band magnitude. We evaluate it for the whole sample of galaxies with i < 25 as a function of magnitude. The SSR of fainter galaxies is more uncertain, as it starts to depend on the strength of the Lyα line, rather than on the brightness of the continuum. Indeed, the strong LAE have fainter FUVcontinuum, but higher probability to be detected. We therefore ignore the dependence on i-band magnitude for the fainter subsample and assume a constant SSR based on Lyα emission detection limits. The resulting SSR is shown in Fig. 11 . After assigning the weights, as described above, we determine the luminosity function as
Where M is the FUV magnitude or the Lyα luminosity in log, φ(M) is the number density in magnitude or luminosity bin, dM is the bin size, N gal is the total number of galaxies and V max,i is the maximum comoving volume where the i-th galaxy can be observed. For the bright subsample of galaxies we determine the volume V max,i by using the limits on i magnitude. For the faint galaxies (i > 25), the volume in which they are observed depends mainly on the flux of Lyα line.
We calculate Poisson errors of our results as well as errors induced by the weights. For the latter, we calculate the luminosity function using the upper and lower limits of the weights, which are defined by the estimated errors on the weights.
UV luminosity function
Before determining the UV luminosity function we investigate how uncertainties of the observed magnitudes propagate into the uncertainty of FUV magnitudes determined with LePhare. We take a set of observed magnitudes of each galaxy and then sample 500 new magnitude sets, assuming Gaussian errors on the measured flux. We use these magnitude sets to recompute the absolute magnitude using the same method and compare the new values with the M 0 FUV -the best estimate of the absolute magnitude of a galaxy. We obtain, in this way, a distribution of ∆M FUV for each individual galaxy.
The inspection of these distributions shows that galaxies with the smallest number of photometric detections (2-3) have the largest uncertainties on M FUV . These galaxies are only detected in the bands where the emission lines are located, such as the iband or z-band for Lyα and IRAC bands for [OIII] and Hα lines. Therefore, for these galaxies, the estimation of M FUV strongly depends on the assumptions made about the strength of the emission lines. We introduce these galaxies into the luminosity function by weighting them with the probability for each of them to be inside each absolute magnitude bin. To compute this probability, we normalize the distribution of ∆M FUV , obtaining the probability distribution of the absolute magnitude and integrate this distribution between the bin limits.
Although the distribution of ∆M FUV varies slightly from galaxy to galaxy, the average uncertainty remains almost the same for a given photometric set used, which is different depending on the field (as discussed in Sect. 2). The average uncertainties are 0.07, 0.04, 0.05 for COSMOS, VVDS02h and ECDFS fields respectively. For a few galaxies in ECDFS field with photometry from TENIS, the average uncertainties are larger (∼ 0.14), due to a small number of bands.
After examining the quality of M FUV magnitudes we proceed to determine the UV luminosity function of our sample. We present our results in Fig. 12 and Table 2 . We compare our results with luminosity functions reported in the literature at z=5 and z=6 (McLure et al. 2009; Bouwens et al. 2015b; Bowler et al. 2015) and find a good agreement within error bars, our luminosity function being closest to the z=5 luminosity function of Bouwens et al. (2015b) . Bowler et al. (2015) reported that the bright end of the luminosity function at z ∼ 6 has a higher number density than expected from a classical luminosity function Schechter (1976) shape, and is better represented by a double power law (DPL). We try to fit two functional forms of the luminosity functiona standard Schechter function form and a DPL. We fit the parameters of the luminosity function in these two representations with a MCMC method implemented within the python package pymc. Because our sample is mostly built from bright star forming galaxies, our measurements of the faint end are not well constrained, while we set strong constraints on the bright end. In order to fit the luminosity function, we set the faint end slope to values from the literature ( α = −1.76 from Bouwens et al. (2015b) and α = −2.0 from Bowler et al. (2015) ). We also set φ * , when fitting with a DPL, due to our small sample. Our results are shown in Fig. 13 and listed in Table 3 .
Both a Schechter or a DPL fit represent well our data at all magnitudes. However, the reduced χ 2 of the fit with DPL is lower (see Table 3 ) and for the bright sample (i < 25), the reduced χ 2 of DPL is even 2.5 times lower compared to the Schechter function fit. Since the parent catalogue is complete for the bright sub-sample, we expect these data to be the most reliable. We therefore conclude that the luminosity function is at z∼ 5.6 can be better represented by a DPL. Fig. 12 : The UV luminosity function at 5.0 < z < 6.6, at the median redshift z = 5.6. The blue stars are UV luminosity function estimations drawn from the bright i < 25 sample, the green stars are from the faint sample with completeness correction as described in 4.1. The black open symbols are UV luminosity function from the literature at z∼5 and the grey ones at z∼6. 
Lyα luminosity function
We measure Lyα fluxes manually, using the splot tool in IRAF.
We proceed in the following way: first, we interpolate the continuum flux at Lyα from the continuum levels redward of Lyα and measure the flux in the line above this level. Then, we place the continuum level 1σ (RMS of continuum measurements) above and below the average value of the continuum redward from Lyα, to estimate the errors of our measurements. We also measure the ratio of continuum flux red and blueward from Lyα for the galaxies without the emission line, but with a visible break in the continuum. All fluxes are corrected for slit losses. Slit losses in VVDS, a survey with a nearly identical observational setup to VUDS, were extensively studied by Cassata et al. (2011) and we apply the same corrections. For the targeted galaxies, centered on the slits, the recovered flux is ∼ 85% and for the serendipitous objects the median value is ∼ 55%.
We compute the Lyα luminosity function as described in Sect. 4.1 and present our results in Fig. 14 and Table 2 . Given the detection limits for the Lyα flux in spectra, we expect our sample to be complete up to log 10 L Lyα (ergs −1 ) ∼ 42.0. The observed bright end of the luminosity function is in good agreement with Cassata et al. (2011) (for 4.55 < z < 6.6) and Santos et al. (2016) (for LAE at z=5.7). On the bright end the Fig. 15 : Lyα luminosity functions fitted with a Schechter function at redshifts 5.0 < z < 6.6. The colored solid lines are fits to our data with different faint end slopes, the grey lines are results from the literature. The filled stars are the same as in Fig. 14. number density decreases, but not as fast as reported from the MUSE deep fields (Drake et al. 2017) or Ouchi et al. (2008) . However, the uncertainty of the MUSE data is much higher at the bright end, because the small observed field is subject to strong cosmic variance, especially for the brightest galaxies (Moster et al. 2011) .
One of the important sources of uncertainty in the Lyα luminosity function is the faint end slope. Only recently some attempts to provide such constrains have been published, still very uncertain (Santos et al. 2016; Drake et al. 2017 ). Since our data are not constraining enough on the faint end slope we set it to values from the literature as priors when fitting the Lyα luminosity function: α = −1.76, −2.00, the same values, which we used for the UV luminosity function and α = −1.69, as used in Cassata et al. (2011) . We also test a wide range of faint end slopes from α = −1.5 to -2.3. We use uniform priors on L * Lyα (ergs −1 ) and φ * (35 < log 10 L * Lyα < 50 and −15 < log 10 φ * < −1) and run MCMC minimization to find the best fit of the Lyα luminosity function.
Results are given in Table 3 and Fig. 15 . As expected, uncertainties on the faint end slope lead to uncertainties on the Schechter function parameters φ * and M * left free in the fit. As the slope α is set to steeper values, one gets a brighter L * Lyα and a lower φ * .
The steep values of the faint end slope (α < −2.0) do not agree well with our data and we could not obtain a satisfactory fit with them. The latest works (Santos et al. 2016; Drake et al. 2017 ) suggest values of faint end slope below -2.0, but already with a slope α = −2.0 it becomes challenging to fit both the bright and faint bins in our data. We therefore use the value α = −1.69 in reporting our final results.
Star formation rate density
Using our UV and Lyα luminosity functions we proceed to determine the SFRD within the redshift range of our sample.
To calculate the SFRD we integrate the luminosity functions to compute the luminosity density. For Lyα emitting galaxies we 
Lyα (with log L * Lyα = 43.0 from our best estimate) to log 10 L Lyα = 44. We then transform it to SFRD as:
We use the same conversion factor as Cassata et al. (2011) , based on the ratio between L Lyα and L Hα of Brocklehurst (1971) and the conversion factor between SFR and L Hα from Kennicutt (1998) .
We integrate the UV luminosity function from Madau & Dickinson (2014) to convert L FUV to S FRD FUV . For both luminosity functions our lower integration limits correspond to the same lower SFR value, enabling consistent comparison between the SFRD traced by UV and Lyα. We correct S FRD FUV for dust extinction using our measurements of β slopes and IRX-β relation from Meurer et al. (1999) . We obtain A FUV = 0.72.
Results are presented in Fig. 16 and Table 3 . The error bars include the uncertainties on the fit and cosmic variance. Cosmic variance is calculated using the recipe of Driver & Robotham (2010) and is equal to 5% given the geometry and population of our survey.
We compute a UV derived SFRD of log S FRD UV = −1.34 +0.06 −0.08 , obtained from the best fit to the luminosity function parametrized as a DPL. We obtain the same value from the fit with the Schechter function. The increase of number density of the bright end in case of DPL parameterization does not significantly change the estimate of the SFRD. Our result is slightly higher, by 0.2-0.3 dex, than the best fit to literature measurements as reported by Madau & Dickinson (2014) (Fig. 16 ), but is in agreement with Bouwens et al. (2015b) within error bars.
Despite the uncertainty on the faint end slope, the SFRD Lyα remains roughly constant within the error bars for the slopes in a range from α = −1.5 to α = −1.85, because when the faint end slope steepens, the normalization density decreases. For steeper values of α the normalization density starts to decrease faster and the best fit of the luminosity function falls below our measurements at the bright end. This leads to an underestimate of the contribution of bright galaxies to the SFRD. Therefore we consider log S FRD Lyα = −2.02 +0.07 −0.08 , obtained with α = −1.69, to be our best estimate of the contribution from Lyα emitting galaxies to the SFRD.
This result is in agreement within error bars with previously published results for samples selected in completely different and independent ways (Ouchi et al. 2008; Cassata et al. 2011) .
It differs by 0.76 dex from results obtained with MUSE observations of HUDF (Drake et al. 2017) , mainly due to the very steep faint end slope used by Drake et al. (2017) . Our results, however, are in broad agreement when taking into account the large error bars of the Drake et al. (2017) measurement.
The fact that we determine both the UV and Lyα luminosity functions using the same sample of galaxies enables to get a robust constraint of the ratio S FRD Lyα /S FRD UV . As discussed in Hayes et al. (2011) 
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−7 % at z=5.6 (the value from a best fit of a compilation of measurements using previous works on UV and Lyα luminosity functions).
To obtain an estimate of the total number of Lyα photons emitted within a galaxy one has to correct Lyα flux absorption by the IGM. Observations of the Gunn-Peterson trough in high redshift quasars (Fan et al. 2006) indicate, that more than half of the flux is absorbed by the IGM at our redshifts. The same results were obtained by (Thomas et al. 2017 ) from VUDS at z<5.5. We estimate the IGM transmission of Lyα flux directly from the spectra in our sample using the same technique: we fit spectra with a range of SED templates combined with the prescription of Madau (1995) on IGM transmission. Due to the degeneracy between IGM and dust attenuation, we limit the E(B-V) range to [0.0-0.1], therefore assuming a low dust content. We find that the mean Lyα transmission on our spectra is T r(Lyα) = 0.24. If we correct the observed luminosity density L Lyα by this value, we then obtain a corrected value of the Lyα-derived SFRD log S FRD Lyα = −1.40 +0.07 −0.08 . This result is in excellent agreement with the UV-derived SFRD, within error bars (see Fig. 16 ). It also indirectly indicates that our assumption on the low dust content of galaxies at these redshifts when computing the Lyα-derived SFRD is broadly correct. We therefore show that using either the UV or Lyα luminosity functions, we obtain consistent estimates of the SFRD at z∼ 5.6.
As surveys of LAE at these redshifts use a sample selection based on the Lyα flux, we now estimate the fraction of the SFRD which is contained in the bright end of the Lyα luminosity function. Limiting the sample to LAEs chosen to have EW>25Å, commonly used in the literature (Ouchi et al. 2008; Santos et al. 2016 ) and corresponding roughly to galaxies with log(L Lyα ) > 42.5, we find that the SFRD from LAEs with EW>25Å include 75% of the total S FRD UV .
Estimates of the SFRD from the UV and Lyα luminosity functions both depend on how accurately one corrects for dust, as well as for IGM absorption for the latter. The properties and the amount of dust in high redshift galaxies remain very uncertain and poorly constrained by current IR/submm data (Casey et al. 2018) . Therefore, a better estimation of the amount of dust at z>5 is necessary. Recently, (Bowler et al. 2018 ) discovered a galaxy with a substantial dust obscuration already at z∼ 7. If dust plays an important role in obscuring high redshift galaxies, the total SFRD at these redshifts may then be even higher than derived from UV-selected samples. Observations of the infrared to submm continuum of these galaxies are necessary to obtain more robust estimates of the total SFRD. While there is some indications of a low dust content in galaxies in our sample, such as those with the steepest β-slopes (see 3.4), it is not possible with the available data to give more robust constraints.
We also note that if reionization ended much later than z∼6.6, a major fraction of Lyα emitting galaxies would be hidden at these redshifts. It has been previously shown that the fraction of Lyα emitters drops above z∼ 6 (Stark et al. 2010; Pentericci et al. 2011; Schenker et al. 2012 ). This effect should be strong for our sample and contribute to substantially reduce the observed Lyα luminosity density. We will discuss this in detail in a forthcoming paper.
Summary and conclusions
In this paper we present a sample of 52 galaxies spectroscopically confirmed at redshifts 5.0<z<6.6 and give simultaneously statistically robust constraints on the bright end of the Lyα and UV luminosity functions. We carefully select galaxies using several criteria including redshift verification, ensuring a high completeness and purity. This work extends the results previously obtained to the highest redshifts probed by spectroscopic surveys (Cassata et al. 2011; Tasca et al. 2015) .
We observe galaxy number densities for the UV luminosity function somewhat higher than reported in previous works (Fig. 12 ) but comparable to the deepest results from Bouwens et al. (2015b) . The main difference between our sample and previous work is the different selection technique: in previous works (Bowler et al. 2015; Bouwens et al. 2015b ) galaxies were selected based only on photometric properties, using the dropout technique.
In this study, we produced a list of candidate galaxies selected from three complementary photometric techniques: photometric redshifts, the dropout technique and the narrow band technique. These candidates are followed up with spectroscopy to establish the redshift, and they need to satisfy a rigorous set of spectroscopic and photometric criteria to make it in our final sample. This allows us to explore a larger parameter space and select galaxies with a broad range of properties, including galaxies with a strong UV-continuum, with or without Lyα in emission, but also galaxies with a less pronounced continuum break and with Lyα in emission.
Our main results can be summarized as follows:
-We observe a main sequence of galaxies in the SFR vs. stellar mass plane, extending previous results (Tasca et al. 2015) to higher redshifts z>5.0. We find no strong evidence for a turn-over of the main sequence at the massive end, indicating that star-formation quenching is not yet effective at these redshifts. We find that the normalization of the main sequence does not show any strong evolution above z∼ 3.5. -We find that the sSFR at z>5.0 remains similar as for 4.5<z<5.5. The evolution of the sSFR therefore clearly flattens at z>3 and up to z∼6, at odds with current models (Davé et al. 2011; Sparre et al. 2015 ). -The brightest galaxies at z>5 are very diverse. Some have strong Lyα emission, others do not have Lyα emission at all. Some galaxies have steeper UV-continuum β-slopes than previously observed at this redshift (Bouwens et al. 2014) , which is observed on both spectra and photometry, while other galaxies have a flatter β-slope indicating that some dust is present. Young dust poor galaxies are mixed with older more dusty galaxies. -We find that the UV luminosity function at z ∼ 5.6 can be represented by either a DPL or a Schechter function, with only a marginal preference for DPL. The UV luminosity function is comparable to other recent work (Bouwens et al. 2015b ) and the integrated UV-based SFRD is 0.27 dex higher than the median reported by Madau & Dickinson (2014) at the mean redshift z=5.6 of our sample. -We find a higher number density than previous studies on the bright end of the Lyα luminosity function due to our ability to find rare bright emitters thanks to the large volume probed. We find it difficult to reconcile the high number density of bright galaxies that we find with the very steep faint end slope found by the MUSE observations (Drake et al. 2017) , in a satisfactory fit with a Schechter function. Our results rather favor a shallower slope of the Lyα luminosity function of α ∼ −1.7, similar to the slope of the UV luminosity function at this redshift. Despite the large uncertainties on the faint end slope, we provide constraints to the SFRD associated to Lyα emitters. -As we use the same sample for the UV and Lyα luminosity functions, we are able to compute the S FRD Lyα /S FRD UV ratio in a fully consistent way. Correcting the SFRD estimated from the Lyα luminosity function for IGM absorption derived from spectral modeling of the observed spectra, we obtain very similar SFRD estimates from both the UV and Lyα luminosity functions. Limiting our analysis to LAE with EW>25Å, the SFRD included in these bright emitters is ∼75% of the SFRD derived from the UV luminosity function, which should be taken into account when estimating the SFRD from surveys based on LAE selection. -While our comparative analysis of the UV and Lyα SFRD favors a low dust content in most galaxies at z∼ 5.6, measuring the total SFRD remains dependent on accurate IGM and dust absorption corrections, which may still hide some galaxies from current UV-based surveys.
Our results, based on a sample of galaxies with confirmed spectroscopic redshifts, identify a higher number density of both UV-selected star-forming galaxies and Lyα emitters, particularly on the bright end. The SFRD derived from the corresponding luminosity functions are within the reported range of previous measurements, and the steep decrease of the UV SFRD above z=2 is confirmed up to z∼6. The preferred shape of the Lyα luminosity function, on the bright end as well as on the faint end still remains to be confirmed. Future IR rest-frame surveys e.g. with JWST, will be necessary to make further progress. 2: Spectra and 10 arcsec image stamps of the galaxies in the sample ordered by redshift. All spectra are in the rest frame and plotted in grey. For galaxies with available photometry the photometric points are plotted in black and the best SED in light green. The PDF of photometric redshifts is plotted on the side with the real redshift marked as magenta cross. 
